Background: Studies suggested that the inter-individual differences in metabolizing isoflavone daidzein to equol or Odesmethylangolensin (ODMA) might explain the inconsistency of the soy/isoflavones efficacy on cardiovascular health.
Introduction
Soy foods are rich sources of isoflavones, including daidzein and genistein, and are traditionally consumed by Asian populations. Several large-scale prospective cohort studies show that higher soy/isoflavones consumption is associated with favorable cardiovascular health [1] [2] [3] . However, human intervention studies assessing the effects of soy or isoflavone on cardiovascular risks have reported inconsistent findings [4] [5] [6] . Studies suggested that the inter-individual differences in gut bacteria metabolism of isoflavone daidzein to equol or O-DMA might explain these discrepancies [7] . The daidzein-metabolizing phenotypes appear to remain stable within an individual over time [8] , suggesting that physiologic effects of these phenotypes could have long-term impact on the health of human host.
In vitro and animal experiments indicated that equol is more biologically active than its precursor daidzein with a longer half life, greater antioxidant and estrogenic activities [9] . Studies have suggested that the clinical effectiveness of soy/isoflavones might be due to individual's ability to produce equol in the gut [10] . O-DMA is less structurally similar to 17b-estradiol than daidzein and may exhibit different biological actions from daidzein [11] . Evidence from in vitro studies suggests that O-DMA has several cancer-related biological actions [11] . However, human studies examining the relationship of O-DMA phenotypes to health outcomes are limited. Factors that influence the capacity to produce equol/O-DMA are not clearly established; however, gut physiology, host genetics, and diet factors are probably related to the individual difference of equol or ODMA producing [12] . Studies on the association of equol and ODMA phenotypes with cardiovascular risk factors are inconsistent and limited [13, 14] . One study 16 among 202 Chinese man and women aged 20-69 years reported that equol excretors showed significantly lower serum triglyceride and Common Carotid Intima-Media Thickness (CCA-IMT) than non-excretors. Another study by Liu et al. [14] suggested that habitual isoflavone intake has no significant effect on serum lipids in healthy participants, regardless of equol phenotype. The inconsistency could be due to different population features, methods used to define equol-and ODMA-producers, the small sample size, or the risk parameters observed.
In most of previous reports, daidzein-metabolizing phenotypes were not determined in the context of a standardized phenotyping method. Studies specifically conducted among postmenopausal women investigating the association of equol and O-DMA production and cardiovascular risk are limited [11] . Therefore, the present study aims to assess the association of daidzein metabolizing phenotypes with cardiovascular risks (body composition, blood pressure and cardiovascular biomarkers) among Hong Kong Chinese postmenopausal women who are usual soy consumers. We hypothesize that equol or O-DMA producers have more favorable profiles in cardiovascular health than nonproducers. The study would provide important information on the explanation of the inconsistency of the soy efficacy in clinical trial and provide important evidence for future interventions.
Materials and Methods

Study Participants
This is a cross-sectional study. Participants were recruited from women who were screened for participation in a six-month randomized controlled trial; a study designed to examine the effect of whole soy and purified daidzien on blood pressure and other cardiovascular risks among Hong Kong postmenopausal women with prehypertension and untreated early hypertension. We screened 726 postmenopausal women recruited from the community through advertisement on newspaper from April to Dec, 2011. Their eligibility was initially assessed with a pretested screening questionnaire through telephone interview. The study was conducted according to the guidelines of Declaration of Helsinki. The study protocol has been approved by the ethical committee of CUHK and written informed consent has been obtained from all participants.
Subject Recruitment and 24 h Urine Collection
Women after prescreening interview were invited to the health center for an introduction talk, and training for 24 h urine collection. They were given a labeled and graduated urine collection bag and asked to collect 24 h urine on the last day after a consecutive 7 days of 60 mg daidzein challenge. Women who were taking acute antibiotics therapy were re-scheduled for urine collection after 2 weeks since cessation of antibiotic therapy. Urine samples were stored in sealed 4*5-mL tubes at 285uC less than 2 weeks until analysis for isoflavonoids [equol, daidzein, genistein, ODMA, and dihydrodaidzein (DHD)] by HPLC methods. Subjects who have donated 24 h urine samples were further invited for a clinic visit for blood taking, anthropometric measurements and questionnaire interview.
Inclusion and Exclusion Criteria
Subjects were Hong Kong Chinese women aged 48-70 y; at least 1 year after the cessation of menstruation; with mean SBP 120,180 mmHg or DBP 80,100 mmHg or both, based on an average of total 4,6 resting BP readings in 2 different days. Equol-producer was defined according to a standard method as 24-hour urinary log 10 S-equol/daidzein ratio greater than -1.75 after daidzein challenge [15] . O-DMA-producers were defined as individuals with any detectable concentration of O-DMA. Daidzein concentrations ,100 mg/L are considered indicative of noncompliance [16] .
Subjects were excluded if they were on anti-hypertensive medication, hormone therapy or hypoglycemic agents in recent 3 months; medical history or presence of certain chronic diseases such as stroke, cardiac infarction, severe liver and renal diseases; breast or uterine or ovarian cancer or other malignancies, or abnormal uterine bleeding in recent 5 years; known soy allergy and chronic antibiotic therapy (.4 weeks). More details regarding subjects recruitment were published elsewhere [17] .
Data Collection
Individual information was collected by trained interviewers by face-to-face interview based on pretested and validated questionnaires on socio-demographic data, years since menopause, medical history, medication, dietary habits and physical activities [18] . Information about habitual dietary intakes within the past 12 months was evaluated by a validated food frequency questionnaire (FFQ) [19] . Subjects received a 30-min training on estimation of food amounts, portion and utensil sizes. Food models were used to help subjects in the quantification of their diet. The FFQ includes 89 foods items that cover the most commonly consumed foods in Hong Kong, China. For each food item or food group, subjects were asked about the frequency (daily, weekly, monthly, annually or never) and the amount in small, moderate or large bowl. The energy adjusted nutrients intake (energy, protein, total fat, carbohydrate and soy isoflavones) was calculated based on the China Food Composition Table [20] . Habitual physical activities were assessed by modified Baecke questionnaire validated in Hong Kong population [18] .
Anthropometric measurements were collected for body weight, height, waist and hip circumferences according to standard protocols. Body mass index (BMI) and waist to hip ratio (WHR) were calculated. Blood pressure was measured according to standard methods using a validated oscillometric technique (Omron M4-I Intellisense, Omron Corporation, Japan). Body fat percentage (BF%), fat mass (FM) and fat free mass (FFM) were determined by bioelectrical impedance analyzer (BIA, TBF-410-GS Tanita Body Composition Analyzer, Japan). The coefficient of variation for repeated measures was less than 5% for body fat percentage.
Overnight fasting (10-12 h) venous blood samples and 24-h urine samples were obtained. Blood withdrawal for participants with acute inflammation or taking anti-inflammation drugs (i.e. aspirin or antibiotics) was postponed 2 week after cease of treatment. Serum was centrifuged at 3000 g for 15 min at 4uC and isolated within 2 h after collection. Each subject's serum samples was divided into several aliquots and stored at 285uC until analysis. Serum biochemical analyses were performed on Hitachi 7101 automated analyzer (Japan) at a certified clinical lab. Serum fasting glucose, total cholesterol (TC) and triglycerides (TG) were measured by standardized enzymatic colorimetric methods (HUMAN Dignostics, Germany). Serum HDL-C and LDL-C were measured by enzymatic clearance assay (Daiichi Pure Chemicals Co., ltd, Tokyo, Japan). High sensitive C-reactive protein (Hs-CRP) was tested by particle enhanced immunoturbidimetry method (Orion Diagnostica Oy, Finland). Serum free fatty acid (FFA) was determined by colorimetric methods (DiaSys, Germany). The intra and inter assay coefficients of variations (CV) of above bio-parameters were 1.3% and 2.3% for glucose, 2.2% and 4.3% for TC, 4.8% and 9.1% for TG, 1.5% and 3.4% for HDL-C, 1.8% and 3.9% for LDL-C, 5.4% and 9.7% for hs-CRP, and 2.9% and 4.9% for FFA.
The daidzein, genistein, equol and O-DMA were assayed using an improved High-performance liquid chromatography (HPLC) methods [21] . Urine samples were extracted by ethyl acetate after deconjugation by b-glucuronidase/sulphatase. After reduced pressure drying, the extract was reconstituted in mobile phase solution for analysis. The HPLC system consisted of a C 18 stationary phase extraction (5 mm, 4?6ø6250 mm) column, and separation of isoflavones was achieved by gradient elution with the mobile phase of 20-70% methanol at a flow rate of 1?0 ml/min. Isoflavones were detected from the UV absorbance at 254 nm and 280 nm. The standards of daidzein, genistein, equol, and bglucuronidase were purchased from Sigma Chemical Company (St. Louis, MO, USA). The intra assay CVs for isoflavonoids in the quality control sample, measured in duplicate for each batch, were ,10%. The inter assay CVs were ,15%.
Statistical Power
Assuming a 50% rate of equol producers in a total sample of 648 participants who donated 24 hr urine samples, we would have 99% power to find a net difference of 5 mmHg in SBP (SD 9.0 mmHg), and 3 mmHg DBP (SD 6.0 mmHg), and 0.5 mmol/l in total cholesterol (SD 0.9 mmol/l) between euqol producers and non-producers, based on a conventional assumption of a level 0.05 (for a 2-side t-test).
Data Analysis
Data were checked for normality, and skewed parameters were log transformed before statistical analysis and presented as arithmetic means and standard deviations. Differences between producers and non-producers of equol and ODMA were assessed using t-tests for continuous variables and chi square tests for categorical variables. General linear models (GLM) were used to compare the cardiovascular markers between equol/O-DMA producer and non-producer after adjustment for potential confounding factors. Adjustment variables were those significantly associated with cardiovascular markers and equol or ODMAproducer status in univariate analyses or based on prior knowledge. We also compared the cardiovascular markers (body composition, blood pressure and serum biochemical markers) in low and high isoflavones consumers by equol/ODMA phenotypes by GLM models. Because of its skewed distribution, isoflavone intake was divided into 2 groups (high and low isoflavone intake) by using median intake. All analyses were conducted with SPSS Windows (version 16.0; SPSS, Inc.) and the significant level was set at 0.05.
Results
Of the 726 women who attended the introduction talk, 648 returned a validly daidzein-challenged urine samples. 595 attended the clinic visits for blood drawing, anthropometric measurements and questionnaire survey, of which 573 completed the food frequency questionnaires (FFQ). The mean age (SD) of these participants was 57.8 (4.7) years with average 8.5 years after menopause.
Equol/ODMA producers had notably higher urinary equol/ ODMA execration than non-producers ( Table 1) . The prevalences of producers of equol, O-DMA and both were 53.2%, 60.9% and 32.6% respectively. No significant association between the two phenotypes was observed (x 2 = 0.048, p = 0.826). There were no significant difference between equol/O-DMA producers and non-producers in terms of demographic and reproductive characteristics such as age, menopausal years, age at menarche, ever use of hormones replace treatment or contraceptives, total physical activity (PA), habitual tea, alcohol and coffee drinking etc ( Table 2) . Women with different daidzein-metabolizing phenotypes had no significant differences in dietary intakes of protein, total fat, carbohydrate, dietary fiber and isoflavones. However, equol producers were more likely to intake less energy (P = 0.044), and both equol and ODMA producers took more sports PA than non-producers (p = 0.000).
For the variables of body composition (Table 3) , in both unadjusted and adjusted models, equol producers had higher fat free mass than non-producers, while O-DMA producers tent to have lower BMI and less body fat% than non-producers. No differences were observed in body weight, waist circumference, WHR between producers and non-producers within either equol or ODMA phenotypes.
For the variables of other cardiovascular markers (Table 3) , in unadjusted analyses, equol producers had lower systolic (p = 0.01) and diastolic (p = 0.01) BP, serum triglyceride (p = 0.023), hs-CRP (p = 0.015) and free fatty acid (p = 0.001) than equol nonproducers. ODMA producers had lower SBP (p = 0.02), total cholesterol (p = 0.002) and LDL-c (p = 0.056) than non-producers. The differences remained statistically significant after further adjustment for age, menopausal years, sports PA, dietary energy and lipids, and body fat free mass.
Effects of Soy-isoflavone Consumption on Cardiovascular Markers, by Equol/ODMA Phenotypes
The median habitual isoflavones intake among the participants was 4.7 mg/1000 kcal/d (0.9,17.3 mg/1000 kcal), which was defined as the cut-off value between low and high isoflavone levels. Interaction tests were performed by GLM analysis before subgroup analyses. There were marginal or significant interactions between equol producing status and habitual isoflavones intake in triglycerides (p = 0.047) and hs-CRP (p = 0.056) levels; ODMA status and isoflavones intake in triglycerides (p = 0.021) and total cholesterol (p = 0.059) levels. As shown in Table 4 and Table 5 , after adjustment of potential confounders, equol producers with high habitual isoflavones intake had lower triglycerides level than non-producers (p = 0.018), and equol non-producers had lower hs-CRP level (p = 0.044) with higher isoflavones intake.While in non-ODMA producers, higher habitual isoflavones intake was associated with lower triglycerides (p = 0.002) and total cholesterol (p = 0.026) levels. No significant differences were found for other biomarkers between low and high habitual isoflavones groups in either equol or ODMA phenotypes.
Discussion
Our cross-sectional data among Hong Kong Chinese postmenopausal women demonstrated that equol/ODMA producers had a favourable cardiovascular risk profiles than non producers, suggesting that the ability to produce equol/ODMA might modulate cardiovascular risk factors.
The Prevalence of Equol and O-DMA Phenotypes
The prevalence of equol and ODMA producers in present study were 53.2% and 60.9% respectively, similar to that previously reported frequency of equol and ODMA producers in Asians [22, 23] , but differed with western populations with 20-30% equol producers and 80-90% ODMA producers in general [22] . An observational study also reported that Korean American women had a lower prevalence of O-DMA producers than Caucasian American women living in the same geographic area [24] . Thus, Asian women were more likely to be equol producers and less likely to be O-DMA producers than the western populations, suggesting that daidzein-metabolizing patterns differed between various ethnic groups [24] . The racial differences and genetic predisposition may influence the ability to metabolize daidzein [16] . Our results were also in line with previous observation that equol and O-DMA producing phenotypes are independent of each other [16] . Evidence from in vitro also supports that the bacteria that produce O-DMA are distinct from the bacteria that produce equol [25] .
Dietary Factors and Daidzein Metabolizing Phenotypes
Although diet has been reported to influence intestinal microbiota [26] , dietary factors on daidzein metabolizing phenotypes are still inconclusive [24, 27, 28] . Some studies [27] [28] [29] have reported positive associations between equol production and intakes of soy, animal meat, green tea, or a low-fat highcarbohydrate diet while others not [24, [30] [31] [32] . In this study, although dietary information was collected using FFQ which would capture the regular food exposure, we observed little association between dietary nutrients and the daidzein-metabolizing phenotypes except for a lower total energy intake in equol producers. Hedlund et al. [33] reported that in Caucasians, individuals with a long-term high consumption of soy foods were more likely than low consumers to be equol producers. However, in our study, we did not detect a difference in habitual isoflavones intake between equol/ODMA producers and non producers. Given that the daidzein-metabolizing phenotypes appear to be stable over time, the ability to produce equol/ODMA may not be easily altered by dietary modification [30] .
Since Asian women had regular soy consumption, a possible interaction may exist between phenotypes and soy consumption in relation to cardiovascular health. However our analysis stratifying equol and ODMA phenotypes observed most of non-significant associations between dietary isoflavones intake and cardiovscular risk factors, except a lower triglycerides level in equol producing group with high habitual isoflavones intake. The only significant finding among a number of comparisons might be treated with caution. The possible explanations for the mainly lack of association could be due to the inadequate statistical power from stratification analysis; women at high disease risk may modify their diet habit by intake of more healthy foods including soy; regular soy consumption in Chinese women of this age may have blunted the association; or factors not captured by our questionnaire are differentially related to cardiovascular markers and daidzein Data are presented as mean 6 standard deviation. Skewed variables or variables with heterogeneity in variance (serum glucose, triglyceride, total cholesterol and high sensitivity C-reactive protein) were corrected by log transformation and reported arithmetic means6 standard deviation. T-test was applied for continuous variables. BMI indicates body mass index; WC indicates waist circumference; HC indicates hip circumference; WHR indicates waist to hip ratio; DBP and SBP indicates diastolic and systolic blood pressure; FG indicates fasting glucose; TC indicates total cholesterol; TG indicates triglycerides; HDL-C indicates HDL-cholesterol; LDL-C indicates LDLcholesterol; hs-CRP indicates high-sensitivity C-reactive protein; FFA indicates free fatty acid; *indicates significant difference between producers and non-producers by t-test (unadjusted P,0.05). # indicates significant difference between producers and non-producers by general linear model (GLM) (adjusted P,0.05); P' adjusted is derived from GLM by adjustment for potential confounders. For markers of body composition and blood pressure, the adjusted variables include age, menopausal year, sports physical activity, dietary energy, fat and isoflavones; For other CVD biomarkers, the adjusted variables include age, menopausal years, sports physical activity, dietary energy, fat, isoflavones and BMI. doi:10.1371/journal.pone.0087861.t003 metabolizing patterns. Thus, the association of diet and daidzein metabolism should be further investigated in future studies.
Cardiovascular Risk Factors and Daidzein Phenotypes
In the present study, we observed a favorable cardiovascular risk profiles (lower BP, lipids and hs-CRP etc.) in equol or ODMA producers in comparison to non-producers, suggesting a potential effect of equol/ODMA production on the prevention of cardiovascular diseases. Adjusting for potential confounders including age, dietary energy and lipids, sport PA and habitual isoflavones intake, did not alter the significance of the associations, implying the phenotypes may not influence cardiovascular risk through these factors. Consistent with previous observation [34] , our study indicated that O-DMA production tent to demonstrate lower BMI and body fatness than non producers and the association was attenuated after adjustment for sports PA, suggesting that the favorable body composition in ODMA producers may somewhat relate to increased sports exercises. The study also showed that equol/ODMA producers were more likely to have more sports energy expenditure than non producers. Early studies indicated that physical activity has led to a faster gut transit time [35, 36] , which could influence the metabolites produced by intestinal bacteria, including affecting the location and time available for metabolism of dietary compounds, and the composition and growth rate of the microbial community [37] , and subsequently influence the disease risk.
Mechanisms
The precise molecular mechanisms linking daidzein or its metabolite equol and O-DMA to cardiovascular health remained unclear. A likely explanation for the triglyceride reduction was that equol may activate PPARa or PPARd, which leads to decreased triglyceride concentrations via increased fatty acid oxidation in liver or skeletal muscle etc. [38] . Equol has a greater antioxidant activity than genistein and daidzein, and can affect cell-mediated LDL modification by inhibition of NADPH oxidase activity [39] .
In this study, we observed that the productions of equol and O-DMA were much variable among individuals following daidzein challenge. This observation suggested that a limited direct effect of circulating equol or ODMA and another mechanism may play a role on the cardiovascular risk and daidzein metabolizing phenotypes. Because intestinal bacteria metabolize estrogens and Table 4 . Comparison of body composition, blood pressure and serum biochemical markers in low and high isoflavones consumers by equol phenotypes.
Non-equol producers P Equol-producers P Low isoflavones intake (n = 114)
High isoflavones intake (n = 128)
Low isoflavones intake (n = 169)
High isoflavones intake (n = 158) Table 5 . Comparison of body composition, blood pressure and serum biochemical markers in low and high isoflavones consumers by ODMA phenotypes.
Non-ODMA producers
ODMA-producers
Low isoflavones intake(n = 107)
High isoflavones intake (n = 112) P Low isoflavones intake (n = 172 )
High isoflavones intake (n = 167) P other steroid hormones [40] , which are involved in the regulation of cardiovascular health, equol and ODMA production may represent intestinal bacterial profiles associated with hormonallymediated factors independently of soy exposure. Additionally, urinary excretion of O-DMA in humans is a marker of harboring intestinal bacteria capable of C-ring cleavage. Bacterial C-ring cleavage reactions are relevant to other phytochemicals that may exert biological actions stronger than O-DMA; thus, the role of the phenotype may extend beyond daidzein metabolism [11] . Further research evaluating disease risk in relation to the equol/O-DMA phenotype from the perspective of intestinal microbial composition is warranted.
Strengths
There are several strengths of our study. Firstly, compared with previous reports, our study had a relatively large sample size, included a comprehensive panel of cardiovascular risk factors and specifically conducted among postmenopausal women with prehypertension or untreated hypertension. In this population, the association was not influenced by chronic diseases or corresponding medication treatment. Secondly, equol and O-DMA status were defined by standardized methods by consecutive several days' daidzein challenge to ensure sufficient exposure to daidzein and reveal the phenotypes accurately. Finally, we have shown for the first time that serum FFA was related with equol phenotypes, as previous report suggested that increased serum FFA levels are an important cause of obesity-associated insulin resistance and cardiovascular disease [41] .
Limitation
Our study has some limitations. First, it was a cross-sectional study and causal inferences cannot be made. Second, the parent study was a randomized trial, and the women were selected based on particular selection criteria, which may restrict the generalizability and reduce the variability in cardiovascular markers, thus decreasing the power to detect associations in this ancillary study. However, being pre-or hypertension is common among Hong Kong postmenopausal women as reported in Hong Kong 2003/ 2004 Population Health Survey that the prevalence of hypertension was 48.4% in women aged 55-64 [42] and midlife women (50-59 y) has the highest prevalence of prehypertension (42%) among all age groups [43] . Although we excluded patients with anti-hypertensive treatment, a local report revealed that only half of all hypertensive cases are diagnosed and half of those diagnosed are treated [44] . Thus, the selection criteria for prehypertension and untreated hypertension may have limited influence on the study generalizability. Finally, as previous study [29] , ODMA producers in our study were defined as detectable urinary concentrations of ODMA. The ODMA cut-off has not yet been well-established and differed among studies.The higher or lower cut-off used could result in systematic shifting in classification. Thus, we conducted further analyses using various cut-offs such as 170 nmol/l [24] or 339 nmol/l [45] or ODMA/creatinine ratio of 0.018 [23] for defining ODMA status, however, it made little misclassification and influence on the results.
Conclusion
Our cross-sectional data suggested that equol and O-DMA producers than non-producers had better cardiovascular health profiles in Chinese postmenopausal women with prehypertension or untreated hypertension. The associations were independent of dietary or other lifestyle factors. Further studies characterizing the associations of intestinal bacterial profiles with cardiovascular markers are warranted.
